Background. Although chronic infections by typhoidal Salmonella are well-known, prolonged human infections by nontyphoidal Salmonella (NTS) are poorly characterized.
Salmonella are excreted in the feces of infected animals and people during the course of the disease but may also endure during convalescence. In sum, 1%-4% of individuals infected with S. Typhi become asymptomatic chronic carriers that continue to excrete the pathogen for more than 12 months [4] . Long-term carriage of S. Paratyphi is less characterized than S. Typhi, but a recent study in Nepal suggests a similar prevalence of persistence for serovars Typhi and Paratyphi A in endemic regions [6] .
In contrast to the well-documented cases of prolonged infections by S. Typhi, persistent NTS infections are far less studied and the prevalence of long-term NTS carriers in the population is not known. Here, we integrated epidemiological, microbiological and genomics approaches to demonstrate that at least 2.2% of all confirmed NTS infections in Israel result in prolonged infection. Moreover, we show genetic and phenotypic changes between related isolates obtained from the same patients over the course of the infection. We further show that these differences can alter virulence-associated phenotypes in vitro and Salmonella pathogenicity in vivo, using the colitis mouse model.
MATERIALS AND METHODS

Study Population
Salmonellosis is a notifiable disease in Israel by law. All microbiology laboratories countrywide are required to submit Salmonella isolates from all sources to the national Salmonella reference center (NSRC), where serological identification is performed according to the Kauffmann-White-Le-Minor scheme [7] . All the serotyped isolates, their source, sending laboratory, date of isolation and patient identification number (ID) are routinely documented [8] . In this study we analyzed 48 345 cases of NTS infections reported to the NSRC between 1995 and 2012. The minimal duration of infection for each case was calculated, based on the number of days between the first and the last submitted culture, if the same-patient samples were of the same serovar.
A Case-control Study
The case-control study included telephone interviews with 103 NTS persistent patients (cases, from which 2 or more Salmonella samples of the same serovar had been submitted with a minimal interval of 30 days) and 135 randomly chosen nonmatched controls from 2011 to 2012, that submitted a single stool sample (see Supplementary Text). All interviewees answered a standardized questionnaire addressing demographic details, health condition and background diseases, the course of the disease and the treatment they received (including antibiotic treatment before or during the infection), and whether other pathogens were isolated as well.
Statistical Analysis
Statistical analyses were performed with R (v 3.0.3). Multinomial logistic regression was performed for the multivariable analysis (see Supplementary Text).
Pulsed-field Gel Electrophoresis (PFGE)
PFGE was performed according to the Pulsenet International Standardized Protocol [9] using XbaI endonuclease.
Whole Genome Sequencing (WGS) Bioinformatics and Phylogeny
Whole genome shotgun assemblies for 11 pairs of persistent S. Typhimurium isolates were generated at Expression Analysis (Durham, NC) using 50 cycles of Illumina's paired end chemistry to a depth of approximately 175-fold coverage and assembled using Velvet [10] . Maximum likelihood tree was constructed using RAxML [11] with 100 replications. See Supplementary Text for bioinformatical workflow. All the sequences were deposited into the NCBI Sequence Read Archive (SRA) under accession  numbers: SRS1190306, SRS1190305, SRS1190304, SRS1190303,  SRS1190300, SRS1190301, SRS1190299 SRS1190298,  SRS1190297, SRS1190296, SRS1190295, SRS1190294,  SRS1190293, SRS1190290, SRS1190289, SRS1190284,  SRS1190283, SRS1190282, SRS1190281, SRS1190280,  SRS1190279 , and SRS1190278.
Virulence-associated Phenotypes Comparison
Intra-macrophage survival, motility, biofilm formation, and growth assays were performed as described in the Supplementary Text.
Mouse Infection
Mouse competitive index experiments were conducted using Female C3H/HeNHsd mice infected at an age of 7-8 weeks. Streptomycin (20 mg 
RESULTS
The Prevalence of Persistent NTS Infections in Israel, 1995 Israel, -2012 Analysis of 48 345 documented salmonellosis cases revealed 1047 independent cases of persistent infections, based on the submission of two or more isolates of the same serovar, separated by 30 days or more (Table 1) . Setting aside the less likely possibility of reinfection with the same strain over an extended period of time (see below), this analysis indicated that at least 2.2% (95% confidence interval [CI], 2.0-2.3) of all reported cases of salmonellosis in Israel are long-term infections that persist 30 days or more. The median minimal persistent period of all cases was 55 (IQR 39-91) days, and the maximal period of NTS persistence found was 8.3 years caused by an S. Newport infection of a 75-year-old male. Because the minimal infection duration was inferred from the time intervals between the isolation of first and the last Salmonella isolates, the actual period of the infection is expected to be longer. In the majority (94.2%) of the persistent cases, persistent Salmonella was isolated only from stool samples, in 2.2% of cases the pathogen was isolated from extra-intestinal sites and in 3.6% of cases Salmonella was found both in stool and extra-intestinal sites during persistence. To explain the nature of recurrent NTS isolates and to exclude reinfection of the same patient with different strains of the same serovar, we analyzed the genetic similarity of 42 recurrent isolates, obtained from 16 different patients. PFGE showed that different isolates originated from the same person are highly similar on the genetic level, but distinct from other sameserovar strains isolated from different patients ( Figure 1 ). As reinfection of the same host with the exact same clone separated by a long period of time is unlikely and potentially diminished even further by immunity, these results together with wholegenome sequencing (see below) support persistent infection by these NTS serovars.
Host and Pathogen Factors Associated With Persistent Infections
To identify host factors that may contribute to a persistent infection, a retrospective case-control study, which included 103 NTS persistent patients (cases) and 135 randomly selected controls was performed. The median minimal infection duration of the persistent cases was 66 days (IQR 40.5-111.5) and the median number of submitted isolates was four. This analysis showed that persistent NTS infections were not associated with an immunocompromised status, as only 6.8% of the cases reported poor general health (all cases and controls were human immunodeficiency virus (HIV) negative, Supplementary Table 1) . Notably, 62 out of 96 (64.6%) patients that recalled the disease reported prolonged symptomatic illness with relapsing diarrhea (Table 2) . To evaluate factors associated with symptomatic and asymptomatic persistent infections in comparison to random nonpersistent controls we performed multinomial logistic regression analysis (Table 2) . Symptomatic, but not asymptomatic, persistent infections were significantly associated with younger age at infection (0.96 odds ratio [OR] 95% CI, .93-.99), receiving antibiotic treatment against Salmonella (OR 3.11 95% CI, 1.22-7.97), hospitalization due to salmonellosis (OR 3.07 95% CI, 1.1-8.55), and coinfection with other enteric pathogens (OR 11.37 95% CI, 3.07-42.08). Anemia and receiving probiotics were associated both with symptomatic and asymptomatic persistence as compared to the nonpersistent controls.
Next, we asked whether some NTS serovars are more frequently associated with human persistent infections than others, by comparing the prevalence of the different serovars among persistent (N = 1047) vs sporadic (N = 47 298) cases. The occurrence of the ubiquitous serovars Enteritidis and Typhimurium was found to be significantly lower among persistent infections than expected by their general prevalence. On the other hand, the frequency of 4 serovars (Mbandaka, Bredeney, Infantis, and Virchow) appeared to be significantly higher among persistent infections than in sporadic cases (Table 3) . These results suggest that serovar-specific genetic or ecological factors are expected to contribute to the establishment of persistent infection in humans.
Genetic Changes Between Early and Later Same-patient Isolates
Although PFGE of the persistent isolates has demonstrated high genetic similarity between isolates from the same patients, a few cases ( patients 2, 5, 7, 9, and 10) showed subtle differences in the PFGE profile between recurrent isolates. To further characterize possible genetic changes in a higher resolution we sequenced the entire genome of 22 S. Typhimurium isolates obtained from 11 persistent infection patients at 2 different time points during the infection. We chose to focus on serovar Typhimurium because of its high global prevalence and the availability of an established mouse model, which allows phenotypic and virulence comparison between isolates. The minimal time interval between isolation dates was 33 days, and hereafter these time points are referred to as "early" and "later." Phylogenetic analysis showed that in all 11 cases, the isolates from the same person always clustered together in discrete nodes with high support values, that were separate from isolates submitted by other persistent cases, and 164 S. Typhimurium reference strains that were included as controls to reduce random clustering (Supplementary Figure 1) . These results reinforced the results obtained using the PFGE and confirmed that these recurring cases are continuous persistent infections caused by clonal lineages.
In 5 out of the 11 persistent cases we found different compositions of mobile genetic elements (MGEs) including prophages and plasmids between same-patient related isolates, explaining the nonidentical PFGE pattern found in a few examples. S. Typhimurium isolates obtained at early and later time points from patients B, D, I, and K presented gain and/or loss of various plasmids. Similarly, the later persistent isolate from patient E lacked a 40 Kb Gifsy-1-like prophage that was present in its early corresponding isolate (Supplementary Table 2 ). To further confirm changes in plasmid composition between recurrent isolates of persistent cases we applied an S1 nuclease digest followed by PFGE of the 9 isolates obtained from patients B, D, I, and K. This analysis confirmed the WGS data and showed clear differences in plasmid presence between related isolates from the same patients (Figure 2) . Interestingly, all 3 isolates from patient K did not harbor the 95 kb pSLT plasmid of S. Typhimurium, indicating that the pSLT virulence plasmid is not required to maintain a persistent infection in humans.
The number of core-genome single nucleotide polymorphisms (SNPs) between early and later isolates obtained from the same patient ranged from 0 to 10 per patient. Overall, 15 synonymous Tables 2 and 3 ). Despite the high genetic similarity of the core genome, multiple SNPs were found to be nonsynonymous substitutions or nonsense mutations in global virulence regulatory genes including dksA [12, 13] in patient A; rpoS [14] in patient C; hilD [15] , melR [16] and a nonsynonymous mutation in rfc [17] , in patient D; and barA [18] in patient F. In addition, 10 SNPs were mapped to shdA that was previously linked to prolonged fecal shedding [19] , in patient I.
Phenotypic Changes Between Early and Later Same-patient Isolates
Gain or loss of large genetic elements as well as SNPs in key regulatory genes may confer substantial changes affecting hostpathogen interactions. Therefore, we next screened for phenotypic differences, between early and later isolates obtained from 11 patients with persistent S. Typhimurium. Comparison of these virulence-relevant phenotypes included (i) growth in minimal media (Supplementary Figure 2) ; (ii) biofilm formation (Supplementary Figure 3A) ; (iii) motility (Supplementary Figure 3B) ; and (iv) replication inside macrophages ( Supplementary Figure 4) . These assays showed, in independent cases, significant differences between early and later isolates obtained from the same patients over the course of the infection, suggesting that diversity in virulence-associated phenotypes can be maintained or acquired during persistence. In addition, antibiogram profiling demonstrated that the later isolate from patient K (135901) had a multidrug resistance (MDR) to piperacillin, ceftriaxone, and trimethoprim/sulfamethoxazole. This phenotype was consistent with the acquisition of a large plasmid, conferring extendedspectrum beta-lactamase activity, demonstrating that the resistance profile of persistent Salmonella may change during the course of the infection, in a manner that could affect clinical treatment.
Variation in the Virulence of Persistent Isolates In-vivo
Finally, to explore whether these changes can affect Salmonella pathogenicity in vivo, we chose 4 pairs of isolates from patients A, D, E, and K that showed genetic and phenotypic differences in vitro and performed competitive index infections using the streptomycin pretreated mouse colitis model, which resembles a gastrointestinal disease. In 3/4 cases, these experiments demonstrated significant differences in intestinal infection between the early and the later isolates that were obtained from the same patient ( Figure 3) . These results show that the demonstrated genetic differences between related persistent NTS isolates can confer a significant and quantifiable change in the fitness and the pathogenicity of these variants in vivo.
DISCUSSION
Altogether, this study provides important clinical and public health insights, indicating that a small fraction (at least 2.2%) of NTS-infected patients continue to shed Salmonella for an extended period of time (months and even years). These individuals possibly serve as a human reservoir for NTS transmission. Noteworthy, about 65% of the persistent patients experienced a symptomatic disease with relapsing diarrhea, indicating that NTS persistent infection is a clinically distinct manifestation from the known asymptomatic carriage of typhoidal Salmonella. A case-control study was implemented to identify host factors that correlate with persistent infections. In line with previous reports [20, 21] our study suggests that antibiotic treatment and young age are associated with prolonged symptomatic infection. We also report that hospitalization due to Salmonella, probiotics administration (in line with a recent double-blind, placebocontrolled clinical trial [22] ) and coinfection with other enteric pathogens, independently correlate with symptomatic persistence. Moreover, the case-control study suggests a high rate of antibiotic prescription even among the nonpersistent controls (55%), despite the fact that antibiotic therapy is not recommended for an uncomplicated nontyphoid Salmonella infection [21, 23] .
To characterize the intra-host genomic plasticity of Salmonella during persistent infection, we applied whole-genome sequencing of recurrent same-patient isolates. In 5 out of the 11 sequenced pairs of isolates we identified differences in MGEs, including prophages and plasmids, between isolates obtained from the same person. In at least 2 cases, these variable elements may affect virulence: loss of gogB, a type 3 secretion system effector gene [24] that is encoded on Gifsy-1 prophage in patient E and acquisition of an MDR plasmid in patient K. Besides differences in MGEs presence, we observed a low occurrence of SNPs, which ranged between 0 and 10 per patient. These results are consistent with the observed number of SNPs that were found Figure 2 . Plasmids gained and lost in related persistent isolates. Nine S. Typhimurium persistent isolates obtained from patients B, D, I, and K were subjected to an S1 nuclease digest followed by PFGE. Plasmids that were found in the later isolates, but not in the early isolates are indicated by a blue arrow. Plasmids that were found in the early, but not the later, isolates are indicated by a red arrow. The prevalent approximately 95 kilobase (Kb) virulence S. Typhimurium plasmid, pSLT, is indicated by a black arrow. Abbreviation: PFGE, pulsed-field gel electrophoresis.
in a few recent studies analyzing sequential isolates obtained from patients who were persistently infected with Burkholderia pseudomallaei [25] , E. coli associated with asymptomatic bacteriuria [26] , and invasive S. Typhimurium pathovar ST313 in subSaharan Africa [27] . Recently, Octavia et al also reported a similarly low SNPs rate in S. Typhimurium associated with short and long-term carriage [28] .
Noteworthy, we did not observe a clear directionality of neither genetic nor phenotypic changes between early and later samepatient isolates. Mobile genetic elements were both lost and acquired in the later isolates leading to either improved or reduced phenotypes in comparison with the early isolates. Nevertheless, the possibility that this pathogen can alter during the persistence within the human host is intriguing. Multiple nonsynonymous SNPs were found in key virulence regulators including DksA, RpoS, HilD, MelR, and BarA. Mutations in these regulators have the potential to affect virulence and host-pathogen interactions [29] [30] [31] [32] . It is therefore possible that these regulatory mutations increase Salmonella in-host fitness and are being subjected to a positive selection leading to the emergence of specific pathoadaptive variants [33] . Phenotypic assays and infection experiments in the colitis mouse model showed, in independent cases, significant differences in the virulence of related NTS persistent isolates, indicating that such genetic variation can alter hostpathogen interactions and affect Salmonella virulence. We speculate that the observed gain or loss of MGEs and the SNPs in global regulators provide the pathogen with effective mechanisms to generate genetic and phenotypic heterogeneity, facilitating clonal competition and microevolution of pathoadaptive variants within the host during persistence.
Due to the retrospective study design, one cannot determine the temporal relationship between persistent infection and the identified correlating factors, which may be either the cause or the consequence of NTS persistence. Misclassification between cases and controls also cannot be ruled out as a small fraction of the controls might have had a disease for more than 30 days without seeking medical care. However, this possibility is unlikely, considering the low incidence of persistent NTS Four days post infection mice were sacrificed, and the colonization of the later isolates relative to the early isolate was determined in the cecum and colon as explained in "Materials and Methods" section. Each point shows the competitive index (C.I.) value in a single mouse, whereas the geometrical mean of each group is indicated by the horizontal line. Two-tailed 1-sample t-test against a theoretical mean of 1.00 was used to determine statistical significance and is shown in brackets. Abbreviation: CFU, colony-forming unit.
infection. An additional limitation is the possibility of underrepresentation of nonsymptomatic persistent patients due to their possible reduced motivation toward sample submission, which may lead to an underestimation of the asymptomatic persistent infection prevalence and overrepresentation of the symptomatic persistent patients.
Despite the abovementioned limitations, we were able to demonstrate that at least 2% of the reported NTS infections in Israel result in a persistent infection with the same strain for months or even years, that is often manifested as a symptomatic relapse, illuminating a previously overlooked manifestation. Furthermore, we identified the contribution of both human and pathogen-related risk factors to this manifestation and exhibited the gain of genetic and phenotypic differences between related isolates and their potential to affect Salmonella pathogenicity in vivo.
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